Background: A simple, rapid, and accurate stability-indicating reverse phase liquid chromatographic method was developed and validated for the simultaneous determination of pheniramine maleate and naphazoline hydrochloride in bulk drugs and pharmaceutical formulations.
Introduction
Pheniramine maleate (pKa = 9.3), chemically known as N, N-Dimethyl-3-phenyl-3-(2-pyridyl) propylamine hydrogen maleate (C 16 H 20 N 2 ⋅C 4 H 4 O 4 ), is an antihistamine H 1 receptor antagonist by inhibiting the effect of histamine on capillary permeability, gastric secretion, and contraction of bronchiolar and gastrointestinal smooth muscle [1, 2] . Recently, Kerem Karaman et al. reported that pheniramine maleate could be used as an antihistaminic for the symptomatic relief of a hypersensitivity reaction, such as the acute ocular allergic reaction and shortduration, mild to moderate, intermittent ocular allergy [3] . Naphazoline hydrochloride (pKa = 10.8), chemically designated as 2-(1-naphthylmethyl)-2-imidazoline hydrochloride (C 14 H 14 N 2 ⋅HCl), is a sympathomimetric agent with marked α-adrenergic activity and is a relatively long-lasting vasoconstrictor with a rapid action in reducing swelling when applied to the mucous membrane [4] . Figure 1 shows the structure formulae of pheniramine maleate and naphazoline hydrochloride. A novel fixed dose combination of pheniramine maleate and naphazoline hydrochloride is approved and available in the market, indicating that it can relieve redness, burning, irritation, and dryness of the eyes caused by wind, sun, and other minor irritants.
Various techniques have been reported for the determination of pheniramine maleate and naphazoline hydrochloride, respectively. Among them, the methods for the detection of pheniramine maleate included ultra-violet spectrophotometry [5] , thin-layer chromatography-densitometry [6] , and high performance liquid chromatography, etc. [7, 8] . Naphazoline hydrochloride in pharmaceutical formulations or biological fluids either alone or in combination with other drugs was also detected by many methods, such as spectrophotometry [9, 10] , gas chromatography [11] , high performance liquid chromatography [12] [13] [14] [15] , capillary electrophoresis [16] [17] [18] , atomic emission and atomic absorption spectrometry [19] , electrochemical method [20] and luminescence method [21, 22] . However, in some extent, the above-described methods are limited in either low sensitivity or specificity. Furthermore, extensive survey revealed that no stability-indicating high performance liquid chromatography (HPLC) method has been reported including major pharmacopoeias such as USP, EP, JP and BP for the simultaneous determination of these two drugs in pharmaceutical formulation. Therefore, it is necessary to develop and validate a simple and accurate stability-indicating HPLC method for simultaneous determination of both drugs and their degradation products in pharmaceutical formulations.
Results and discussion

Optimization of the Chromatographic System
There were two peaks of pheniramine maleate in the chromatography. Maleate is a dicarboxylic acid. Its ionization constant were K 1 =1.0 × 10 -2 and K 2 = 5.5 × 10 -7 . Pheniramine maleate was ionized pheniramine positive ion and maleate negative ion in the mobile phase. The maleate negative ion was in the front (about 1.7 min) and pheniramine positive ion was behind the maleate peak (about 3.0 min) [ Figure 2 ]. The content of pheniramine maleate was calculated according to the peak area of pheniramine (about 3.0 min) in this study.
The main objective of our work was to develop a stability-indicating HPLC method for determination of pheniramine maleate and naphazoline hydrochloride within a short run time between 3 to 10 min and symmetry between 0.80 and 1.20. The pKa of pheniramine maleate and naphazoline hydrochloride are 9.3 and 10.8 with a UV spectral maximum response at 262 nm and 280 nm, respectively. In the commercial eye drops in the market, the content of naphazoline hydrochloride (0.25 mg⋅mL -1 ) is far lower than that of pheniramine maleate (3 mg⋅mL -1 ). Therefore, the wavelength of 280 nm was used for LC detection.
Both pheniramine and naphazoline hydrochloride have high carbon to heteroatom ratio and have conjugated bond. Therefore, they can be separated through C18 stationary phase based mainly on their overall hydrophobicity. Pheniramine and naphazoline hydrochloride can also be separated using phenyl-Hexyl stationary phase considering their π electrons involving π-π interactions. Finally, both drugs also contain polar functional groups. So they may be separated using cyano stationary phase.
Optimization of mobile phase, pH and stationary phase
The stationary and mobile phases play an important role on peak shape, symmetry, theoretical plates and resolution. To obtain symmetrical peaks with better resolution and no peak impurity, various chromatographic conditions was investigated and optimized for the determination of pheniramine maleate and naphazoline hydrochloride, such as mobile phase with different composition, pH and stationary phases with different packing material etc. That is, attempts were made by using three HPLC columns (Agilent zorbax eclipse XDB C18, Agilent Eclipse Plus Phenyl-Hexyl, and Dikma Platisil Cyano) with different mobile phase compositions and ratios. In all of the preceding columns, broad peaks were obtained for pheniramine and naphazoline hydrochloride by using different ratios (40:60, 50:50, 60:40, 70:30, 80:20) of methanol and water. No improvement of peak shape was obtained even when the temperature of column was enhanced to 40°C. The broad peak may be attributed to low polarity of the mobile phase. So different concentration (10 mM, 20 mM, 50 mM) of phosphate buffer was added to improve polarity of the mobile phase. The peak was narrowed but the peak symmetry was still not satisfactory. Then triethylamine (as silanol blocker) was added to the water phase, it was demonstrated that 10 mM phosphate buffer containing 0.5% v/v triethylamine was best for the improvement of peak shape. Moreover, buffer pH was found to be critical in the analytes separation and was extensively studied in method optimization. The effect of pH on retention was related with the ionization form of these solutes. In the attempt to investigate the effect of the mobile phase pH on the retention time and resolution of two substrates, the pH (2.8, 4.0, 5.0 and 6.0) was employed for this assay while keeping the other chromatographic parameters unchanged, i.e., Agilent zorbax eclipse XDB C18 column and the fixed mobile phase composition of 10 mM phosphate buffer containing 0.5% v/v triethlamine: methanol (68:32, v/v). As demonstrated in Table 1 , a buffer pH of 2.8 was found to be optimal with narrow peak, resolution (R s ≥ 3) and analysis time (t R between 3~10 min), which was then selected for the following experiments.
Following that, under the optimized mobile phase of methanol and 10 mM phosphate buffer with 0.5% v/v triethlamine (pH 2.8) (68:32, v/v), the experiments were performed on three different stationary phase. Highly symmetrical and sharp peaks of pheniramine and naphazoline hydrochloride were obtained on Agilent zorbax eclipse XDB C18 column (with better resolution, peak shapes, theoretical plates) as compared to other stationary phases (Agilent Eclipse Plus Phenyl-Hexyl, and 
Method validation
The developed chromatographic method was validated using ICH guidelines [23, 24] . Validation parameters included linearity, accuracy, precision, robustness, specificity, LOD and LOQ. Linearity was verified by triplicate analysis of different concentrations. As a result, the linear regression equation was found to be Y = 5.0985X + 23.4917 (R 2 = 0.9993, n = 6, 150-1200 μg mL -1 ) for pheniramine and Y = 28.3892X + 18.8795 (R 2 = 0.9999, n = 6, 12.5-100 μg mL -1 ) for naphazoline hydrochloride, respectively. In which, Y was the dependent. variable, X was independent variable, 5.0985 and 28.3892 were slopes which showed change in dependent (Y) variable per unit change in independent (X) variable; 23.4917 and 18.8795 were the Y-intercept i.e., the value of Y variable when X = 0.
Based on a signal-to-noise ratio of 3:1, LOD was found to be 0.1 and 0.02 μg mL -1 for pheniramine maleate and naphazoline hydrochloride, respectively. LOQ with a signal-to-noise of 10:1 was found to be 0.3 μg mL -1 for pheniramine maleate and 0.07 μg mL -1 for naphazoline hydrochloride, respectively.
Accuracy of the developed method was determined by analyzing samples before and after the addition of known amounts of pheniramine maleate and naphazoline hydrochloride. The acceptable recovery was set as between 97.0% and 103.0% [ Table 2 ]. The developed analytical method had good accuracy with overall recovery rates in the range of 97.8%-102.1% for all compounds with RSDs below 1.3%, indicating that the proposed method was to be highly accurate and suitable for intended use.
The precision was evaluated by analyzing the standard solutions of pheniramine maleate and naphazoline hydrochloride at three concentrations under the optimal conditions. It was considered at two levels: five times in one day for repeatability (intra-days) and on three consecutive days for intermediate precision (inter-days). The corresponding results were expressed as the relative standard deviation (RSD) and mean recovery of a series of measurements. The calculated RSD values of the intra-and inter-day assay were <1.0% and 1.2%, respectively [ Table 3 ]. The results also demonstrated that pheniramine maleate and naphazoline hydrochloride were stable in solution.
Robustness was validated by slightly varying the chromatographic conditions. In all of the deliberately varied chromatographic conditions (different flow rate, buffer composition and buffer pH), no obvious effect on the chromatographic parameters was observed [ Tables 4 and 5 ].
Specificity was investigated by using photodiode array detection to ensure the homogeneity and evaluate purity of analyte peak. We found no interference of diluents and excipients firstly, and then the peak purity values were evaluated at different stress conditions (acid, base, oxidation, thermal and photolytic) for pheniramine maleate and naphazoline hydrochloride in formulation. As shown in Figure 3 , several degradation products were detected, but had no influence on the main ingredients. The peak purity factor was more than 980 for drug product (Table 6) , which further confirmed the specificity of this method. 
Results of forced degradation study
All the stress conditions applied were enough to degrade two ingredients. Pheniramine was degraded up to 95.5% and naphazoline hydrochloride was degraded up to 78.5% when 5 M HCl was used. Pheniramine maleate was degraded up to 65.3% and naphazoline hydrochloride was degraded up to 44.9% when 5 M NaOH was used. Pheniramine maleate was degraded up to 84.9% and naphazoline hydrochloride was degraded up to 76.0% under oxidative stress. Pheniramine maleate was stable and naphazoline hydrochloride was degraded up to 94.3% for 240 h under thermal stress (40°C). Pheniramine maleate was stable and naphazoline hydrochloride was degraded up to 68.4% for 240 h under thermal stress (dry heat). Both pheniramine maleate and naphazoline hydrochloride were not degraded substantial under photolytic stress. From these stress studies it was thus concluded that pheniramine maleate and naphazoline hydrochloride were not stable in basic, acidic, oxidative and thermal conditions. The results of stress studies are shown in Table 6 . Aside from the percentage degradation of each ingredient, a number of degradation products (DE) were produced under acidic (3 degradation peaks with DE 3 as major degradation peak), basic (3 degradation peaks with DE 3 as major degradation peak), oxidative (5 degradation peaks with DE 1 as major degradation peak), thermal stress (dry heat) (2 degradation peaks with DE 2 as major degradation peak), photolytic stress (1 degradation peak). The developed method effectively separated the degradation products (3 degradation peaks under acidic stress, 3 impurity peaks under basic stress, 5 impurity peaks under oxidative stress, 2 impurity peaks under dry heat stress) from analyte peaks (Figure 3) . Therefore, the developed method can be considered highly specific for intended use.
Comparing the results with degradation of commercial eye drops sample solution
The degradation results of commercial eye drops sample solution were illustrated in Table 7 . The stability results were in conformity with that in stock solution, which demonstrated that the developed method could be used to analyze pheniramine maleate and naphazoline hydrochloride in pharmaceutical formulation.
Application of the developed method
Application of the developed method was checked by analyzing pheniramine maleate and naphazoline hydrochloride in commercially available pharmaceutical formulations. The results are provided in Table 8 which showed high percentage recoveries and low RSD (%) values for these two analytes. 
Conclusions
A rapid and efficient RP-HPLC method was developed for the estimation of pheniramine maleate and naphazoline hydrochloride in pharmaceutical formulation and their degradation products. The proposed method was demonstrated to be accurate, precise, specific, sensitive, linear and robust based on method validation. Satisfactory results were obtained in separating the peaks of active pharmaceutical ingredients from the degradation products produced by forced degradation. Furthermore, the new method are cost-effective without the requirement of ion pairing and other derivatization agents, which are tend to adsorb very strongly on the stationary phase, resulting in difficulty in recovering initial column properties. Overall, the method is stability-indicating and can be used for routine analysis in quality control and any kind of stability and validation studies.
Methods
Chemicals and reagents
All chemicals were analytical grade and used as received. All solutions were prepared in Milli-Q deionized water from a Millipore water purification system (Bedford, MA, USA 
Equipment and chromatographic conditions
Samples were analyzed on an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA, USA), attached with a G1311A quaternary pump, a G1312A vacuum degasser, and a G1315B DAD detector. The detector wavelength was fixed at 280 nm and peak areas were integrated automatically using the Hewlett-Packard Chem Station software program. Other apparatus included an ultrasound generator and a SevenEasy pH meter (Mettler Toledo) that was equipped with a combined glass-calomel electrode. An electric-heated thermostatic water bath (DK-S28) and an oven (DGH-9203A) for thermal degradation were purchased from Shanghai Jing Hong Laboratory Instrument Co. Ltd (China). Photo stability studies were performed on a photo stability test chamber model Pharma 500-L (Weiss Technik UK Ltd., Germany). An Agilent zorbax eclipse C18 column (150 mm × 4.6 mm i.d., 5 μm) was maintained at 30°C. The mobile phase was composed of a mixture 10 mM phosphate buffer (pH 2.8) containing 0.5% triethlamine and methanol in the ratio of (68:32, v/v). The flow rate of the mobile phase was set at 1 mL min -1 . Measurements were made with 20 μL of injection volume. For the analysis of forced degradation samples, the photodiode array detector was used in scan mode with a scan range of 200-400 nm. The peak homogeneity was expressed in terms of peak purity factor and was obtained directly from the spectral analysis report using the above-mentioned software.
Preparation of standard solution
Standard stock solutions of pheniramine maleate (3 mg mL -1 ) and naphazoline hydrochloride (250 μg mL -1 ) were prepared in water. Series working solutions were diluted to the desired concentration for accuracy, precision, linearity, solution stability and robustness etc.
Preparation of sample solutions
Ophthalmic solution was transferred into a volumetric flask and diluted to requisite volume with mobile phase to obtain concentration equal to 600 μg mL -1 of pheniramine maleate and 50 μg mL -1 of naphazoline hydrochloride. The solution was filtered through 0.45 μm nylon filter before analysis.
Method validation
The proposed method was validated according to ICH guidelines [23] including specificity, accuracy, precision, LOD, LOQ, linearity, range and robustness. Specificity was the ability of the method to measure the analyte from the excipients and potential impurities. The specificity of the developed method was investigated in the presence of degradation products.
The linearity test solutions were freshly prepared by diluting stock standard solutions with mobile phase. The linearity was tested at six levels ranging in 150-1200 μg⋅mL -1 (150, 300, 450, 600, 900, 1200 μg mL -1 ) for pheniramine maleate and 12.5-100 μg⋅mL -1 (12.5, 25, 37.5, 50, 75 , 100 μg mL -1 ) for naphazoline hydrochloride. Each solution was prepared in triplicate. Calibration curves were plotted between the responses of peak versus analyte concentrations. The coefficient correlation, slope and intercept of calibration curve were calculated.
Accuracy of the developed method was determined by standard addition method. For this purpose, known quantities of pheniramine maleate (150, 600, 1200 μg mL -1 ) and naphazoline hydrochloride (12.5, 50, 100 μg mL -1 ) were supplemented to the sample solution previously analyzed. Then, the experimental and true values were compared [24] .
The precision was tested by intra-day and inter-day precision at three level concentrations of standard mixture for pheniramine maleate (150, 600, 1200 μg mL -1 ) and naphazoline hydrochloride (12.5, 50, 100 μg mL -1 ). Intra-day precision was studied on the same day (n = 5). And inter-day precision was determined by performing the same procedures on three consecutive days. Percentage relative standard deviation (RSD%) for peak areas was then calculated to represent precision.
To determine the robustness of the developed method, the mobile phase composition, flow rate and pH of buffer solution were deliberately changed. The effect of these changes on chromatographic parameters such as retention time, symmetry and number of theoretical plates was then measured.
Limit of detection (LOD) and limit of quantitation (LOQ) values were determined at signal-to-noise (S/N) ratios of 3:1 and 10:1, respectively, by injecting a series of dilute solutions with known concentrations.
Procedure for forced degradation study
Forced degradation was carried out using different ICH [25, 26] prescribed stress conditions such thermolytic, photolytic, acid, base hydrolytic and oxidative stress conditions.
Acid degradation
For this purpose, 2 mL of the standard stock solution was transferred into a 10 mL volumetric flask. And then 2 mL 5 M HCl was added into the flask, which was kept at 40°C for 24 h in water bath [24] . After completion of the stress, the solution was cooled in room temperature and neutralized by using 5 M NaOH and the volume was completed up to the mark with mobile phase.
Alkali degradation
For this purpose, 2 mL of the standard stock solution was transferred into a 10 mL volumetric flask. Add 2 mL 5 M NaOH in the flask and keep at 40°C for 2 h in water bath. After completion of the stress, the solution was cooled in room temperature and neutralized by using 5 M HCl and diluted to the mark with mobile phase.
Oxidative degradation
For this purpose, 2 mL of the standard stock solution was transferred into 10 mL volumetric flask. Add 2 mL 6% H 2 O 2 added in the flask and keep at 40°C for 24 h in water bath. After completion of the stress, the solution was cooled in room temperature and diluted to the mark with mobile phase.
Thermal degradation
Thermal degradation studies were performed at two different temperatures: 40°C in water bath and 105°C in oven (dry heat thermolysis). For thermal degradation at 40°C, 2 mL of the standard stock solution was transferred into 10 mL volumetric flask and kept at 40°C in water bath for 120 h and 240 h. After completion of the stress, the solution was cooled in room temperature and the volume was completed up to the mark with mobile phase. For dry heat thermolysis, 150 mg pheniramine maleate and 12.5 mg naphazoline hydrochloride were mixed in Petri dish at 105°C for 7 h. After completion of the stress, the powder mixture was dissolved and diluted to 50 mL with mobile phase. 2 mL of this solution was further diluted to 10 mL with mobile phase.
Photolytic degradation
Study was performed on dark control and photolytic exposed sample in a way to get the minimum exposure of 1.2 million lux hours for light and 200 W h/m 2 for ultraviolet region.
Degradation of commercial eye drops sample solution
The degradation of commercial eye drops sample solution was performed under the same above-mentioned stress conditions as the stock solution, including thermolytic, photolytic, acid, base hydrolytic and oxidative stress conditions.
Abbreviations HPLC: High performance liquid chromatography; DE: Degradation products.
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